Across vertebrate species, 17␤-estradiol (E 2 ) acts on the brain via both genomic and nongenomic mechanisms to influence neuronal physiology and behavior. Nongenomic E 2 signaling is typically initiated by membrane-associated estrogen receptors that modulate intracellular signaling cascades, including rapid phosphorylation of ERK. Phosphorylated ERK (pERK) can, in turn, rapidly phosphorylate tyrosine hydroxylase (TH) and cAMP response element-binding protein (CREB). Recent data suggest that the rapid effects of E 2 on mouse aggressive behavior are more prominent during short photoperiods (winter) and that acute aromatase inhibition reduces songbird aggression in winter only. To date, seasonal plasticity in the rapid effects of E 2 on intracellular signaling has not been investigated. Here, we compared the effects of acute (15 min) E 2 treatment on pERK, pTH, and pCREB immunoreactivity in male song sparrows (Melospiza melodia) pretreated with the aromatase inhibitor fadrozole during the breeding and nonbreeding seasons. We examined immunoreactivity in 14 brain regions including portions of the song control system, social behavior network, and the hippocampus (Hp). In both seasons, E 2 significantly decreased pERK in nucleus taeniae of the amygdala, pTH in ventromedial hypothalamus, and pCREB in mesencephalic central gray, robust nucleus of the arcopallium, and caudomedial nidopallium. However, several effects were critically dependent upon season. E 2 decreased pERK in caudomedial nidopallium in the breeding season only and decreased pCREB in the medial preoptic nucleus in the nonbreeding season only. Remarkably, E 2 decreased pERK in Hp in the breeding season but increased pERK in Hp in the nonbreeding season. Together, these data demonstrate that E 2 has rapid effects on intracellular signaling in multiple regions of the male brain and also demonstrate that rapid effects of E 2 can be profoundly different across the seasons. (Endocrinology 153: 1364 -1376, 2012) The steroid 17␤-estradiol (E 2 ) affects the brain and behavior across vertebrate species. The molecular mechanisms by which E 2 influences cells can be broadly categorized as either nuclear-initiated (genomic) signaling or membrane-initiated (nongenomic) signaling. Genomic and nongenomic signaling pathways can both affect gene transcription (1) but are initiated via distinct mechanisms. Nuclear-initiated signaling occurs when E 2 binds to cytosolic estrogen receptors (ER) that interact with estrogen response elements in DNA to modulate gene expression (2, 3). This mode of signaling typically has slow and enduring effects on neuronal physiology (3, 4). In contrast, membrane-initiated signaling occurs when E 2 binds to membrane-associated ER that modulate intracellular signaling pathways (2-4). This mode of signaling has effects that are typically rapid and transient. For example, E 2
The steroid 17␤-estradiol (E 2 ) affects the brain and behavior across vertebrate species. The molecular mechanisms by which E 2 influences cells can be broadly categorized as either nuclear-initiated (genomic) signaling or membrane-initiated (nongenomic) signaling. Genomic and nongenomic signaling pathways can both affect gene transcription (1) but are initiated via distinct mechanisms. Nuclear-initiated signaling occurs when E 2 binds to cytosolic estrogen receptors (ER) that interact with estrogen response elements in DNA to modulate gene expression (2, 3) . This mode of signaling typically has slow and enduring effects on neuronal physiology (3, 4) . In contrast, membrane-initiated signaling occurs when E 2 binds to membrane-associated ER that modulate intracellular signaling pathways (2) (3) (4) . This mode of signaling has effects that are typically rapid and transient. For example, E 2 rapidly modulates calcium flux (5) and kinase activity, e.g. ERK (6) , phosphatidylinositol 3-kinase (7) , and protein kinase A and C (8) . These effects of E 2 underlie the rapid effects of E 2 on behavior (9) .
Recent studies demonstrate that the rapid behavioral effects of E 2 are photoperiod dependent. E 2 increases aggressive behavior within 15 min in Peromyscus mice housed under short (winter-like) photoperiods but not under long (spring-like) photoperiods (10, 11) . Furthermore, estrogen response element-dependent gene expression in the bed nucleus of the stria terminalis (a nucleus that regulates aggression) is decreased in short-day mice compared with long-day mice (10) . Photoperiod also alters ER expression in nuclei that regulate aggression in rodents (12, 13) . In songbirds, acute inhibition of E 2 synthesis decreases aggression in the nonbreeding season (autumn/ winter) but not in the breeding season (spring/summer) (14) , and photoperiod alters rapid behavioral responses to corticosterone (15) . Together, these studies suggest that a single environmental cue, photoperiod, dramatically influences the mechanisms by which steroids, including E 2 , influence the brain and behavior (10, 11) . Whether there is seasonal plasticity in the rapid effects of E 2 on intracellular signaling cascades in the brain remains unclear.
Here, we examine the rapid effects of E 2 on intracellular signaling cascades in the male songbird brain in two seasons. The songbird brain expresses the E 2 -synthetic enzyme aromatase at high levels (16) . Moreover, songbird behavior and neuroplasticity are E 2 sensitive and seasonally variable (17) . These factors make songbirds an excellent model to investigate seasonal changes in the neural effects of E 2 . We used male song sparrows (Melospiza melodia) in the breeding and nonbreeding seasons to examine the effects of acute E 2 administration on phosphorylated ERK (pERK), phosphorylated (p) tyrosine hydroxylase (TH), and phosphorylated (p) cAMP response element-binding protein (CREB). ERK is a component of the MAPK cascade and can be rapidly phosphorylated after E 2 treatment (18 -20) . TH (the rate-limiting enzyme in catecholamine synthesis) can be phosphorylated by pERK (21) , and E 2 rapidly modulates TH activity (22) . CREB (a transcription factor) can also be phosphorylated by pERK (23) , and E 2 has rapid, bidirectional effects on pCREB (24, 25) . We examine immunoreactivity for pERK, pTH, and pCREB in 14 nuclei including portions of the song control system (regulates song learning and production in songbirds) (26) , social behavior network (regulates vertebrate social behaviors) (27, 28) , a forebrain area involved in auditory processing (29) , and hippocampus (Hp). To our knowledge, this is the first analysis of the rapid effects of E 2 on intracellular signaling in different seasons.
Materials and Methods

Subjects and housing
Wild adult male song sparrows were captured using mist nets and conspecific song playback from April 27 to May 4 (breeding season) and from January 6 -12 (nonbreeding season) near Vancouver, British Columbia (49°12ЈN, 123°01ЈW). Song sparrows in this region are sedentary, and males defend territories during the breeding and nonbreeding seasons (30) . Subjects were transported to the University of British Columbia's Animal Care Centre Annex and housed outdoors in individual cages (91 ϫ 47 ϫ 47 cm) where they were exposed to the natural photoperiod (breeding season, ϳ16 h light, 8 h dark; nonbreeding season, ϳ10 h light, 14 h dark) and temperature (breeding season, mean ϳ17 C; nonbreeding season, mean ϳ7 C). Each cage contained two wooden perches and conifer branches. Seed and water were provided ad libitum, and one mealworm was provided daily. Throughout the study, subjects were visually isolated from one another. Protocols were approved by the University of British Columbia Animal Care Committee and complied with the guidelines of the Canadian Council on Animal Care.
Fadrozole pretreatment
After acclimating to captivity for 1 month, all subjects received a sc microosmotic pump (Alzet model 1002; Cupertino, CA) containing fadrozole hydrochloride (FAD, 12 mg/kg⅐d; gift from Novartis, Basel, Switzerland) dissolved in avian saline (0.75% NaCl). FAD is a potent, selective, nonsteroidal inhibitor of aromatase (31) and was used to minimize endogenous E 2 levels across treatment groups and increase the possibility of detecting a rapid effect of exogenous E 2 on intracellular signaling (10, 11) . Microosmotic pumps have been used in song sparrows to administer FAD and release their contents (100 l) at a constant rate of 0.3 l/h for 14 d (14, 32, 33) . Pumps were implanted on the back. The incision was sutured (Ethicon black braided silk, FS-2 19 mm, size 4-0) and covered with liquid bandage. At the end of the experiment, pumps were present in all subjects. Residual liquid volume verified that all pumps functioned properly.
Acute E 2 administration
After 6 d of FAD treatment, subjects were moved in their home cage to an outdoor individual testing pen (2 ϫ 3 m) where they remained visually isolated from other subjects. The next day, subjects were randomly assigned to one of two treatment groups: E 2 treatment (500 g/kg (Steraloids, Newport, RI) dissolved in (2-hydroxylpropyl)-␤-cyclodextrin (0.5 mg/ml in PBS) (C0926; Sigma Chemical Co., St. Louis, MO) or vehicle control (CON) (n ϭ 8 -9 per treatment group per season). This dose of E 2 has rapid and transient effects on behavior in birds (34) . Treatments were administered via 50 l sc injection on the back. After the injection, subjects were immediately placed back in their home cage and left undisturbed for 15 min. Their behavior during this time was recorded using a Canon Vixia AF 20 HD camcorder. All testing took place between 0830 and 1200 h.
Tissue collection
Fifteen minutes after injection, subjects were captured (within 30 sec of initial disturbance) and euthanized via rapid decapitation. Brains were dissected from the skull, placed in 4.5% acro-lein (Sigma) in PBS (within 3 min of euthanasia), and fixed overnight at room temperature on an orbital shaker. The following morning, brains were rinsed in PBS for 1 h (four times for 15 min each), transferred to 30% sucrose, and stored at 4 C. Upon sinking (ϳ2 d), brains were frozen on powdered dry ice and stored at Ϫ80 C until sectioning. At the time of euthanasia, trunk blood was collected and kept on wet ice until centrifugation. Plasma was collected and stored at Ϫ20 C. Also, the length and width of the left testis was measured (testis volume ϭ 150.8 Ϯ 7.4 mm 3 in the breeding season and 2.7 Ϯ 0.6 mm 3 in the nonbreeding season) and verified that all subjects were in seasonally appropriate reproductive condition.
E 2 RIA
E 2 levels were measured in plasma in duplicate using a commercially available [
125 I]E 2 RIA kit (DSL-4800, ultrasensitive estradiol RIA; Beckman Coulter, Fullerton, CA). This kit has been modified and validated for use in songbirds (35) (36) (37) . The lowest and highest points on the standard curve were 0.2 and 20 pg E 2 per tube, respectively. A pilot study determined that 0.19 l plasma from E 2 -treated subjects yielded values within the linear range of the standard curve.
One hundred microliters of diluted anti-E 2 antibody were added to plasma samples, and tubes were incubated for 4 h at room temperature. Next, 100 l of diluted [
125 I]E 2 tracer was added, and tubes were incubated for 20 h at 4 C. Then, 500 l precipitating reagent was added, and tubes were incubated for 40 min at room temperature. Tubes were subsequently centrifuged at 3200 rpm for 30 min at 4 C, decanted, and counted.
Behavioral observations
Subject behavior during the 15 min between injection and euthanasia was scored from videos. All occurrences of the following behaviors were counted by observers blind to the treatment of each subject: song, perch hops (defined as the subject moving at least 6 cm from one distinct location to another), and bouts of feeding/drinking and preening (one bout ϭ 5 sec).
pERK, pTH, and pCREB immunocytochemistry
Once brains from both seasons were collected, they were sectioned in the coronal plane in three series at 40 m on a cryostat (Ϫ12 C), and stored in antifreeze (1% wt/vol polyvinylpyrrolidone, 30% wt/vol sucrose, and 30% vol/vol ethylene glycol in PBS) at Ϫ20 C. The first series was used to label pERK-immunoreactivity (pERK-ir); the second, to label pTH-ir; and the third, to label pCREB-ir. The pERK, pTH, and pCREB assays were run separately. To prevent batch effects, each assay included a complete series of sections from every subject.
pERK immunocytochemistry
Free-floating sections were washed in Tris-buffered saline (TBS) for 20 min (four times for 5 min each), incubated in 0.5% sodium borohydride in TBS for 20 min, washed in TBS for 20 min (four times for 5 min each), incubated in 0.5% hydrogen peroxide in TBS for 15 min, washed in TBS for 20 min (four times for 5 min each), and then blocked in 10% normal goat serum (NGS) in 0.2% Triton X-100 in TBS (TBS-T) for 2 h at room temperature.
Sections were then incubated in pERK primary antibody [1: 16,000; pErk1/2 (Thr202/Tyr204); XP rabbit monoclonal antibody; Cell Signaling Technology, Danvers, MA, no. 4370] in 2% NGS in TBS-T for 18 h at room temperature on an orbital shaker. This antibody has been successfully used on songbird brain, and in Western blots, it detects a single band at approximately 43 kDa, suggesting that in songbirds there is only one form of pERK (38) .
After primary incubation, sections were washed in TBS-T for 50 min (10 times for 5 min each), and then incubated in secondary antibody (1:200, biotinylated goat antirabbit IgG; Vector Laboratories, Burlingame, CA; no. BA-100) in 2% NGS in TBS-T for 2 h at room temperature. Next, sections were washed in TBS-T for 50 min (10 times for 5 min each), incubated in avidin-biotin complex (ABC Elite Kit; Vector Laboratories) for 1 h at room temperature, and washed in TBS-T for 50 min (10 times for 5 min each). Labeling was visualized by incubating sections in nickel-enhanced 3,3Ј-diaminobenzidine (DAB) [2% vol/vol 5 mg/ml DAB (Sigma), 0.1% vol/vol 3% H 2 O 2 , and 0.25% nickel ammonium sulfate in TBS] for 11 min. Then sections were rinsed for 20 min (four times for 5 min each) in TBS, float-mounted onto gel-coated microscope slides, dehydrated, and cleared with xylene. Slides were coverslipped using Cytoseal (Thermo Scientific, Pittsburgh, PA).
pTH immunocytochemistry
Sections were processed as above except that they were incubated in pTH primary antibody [1:2000, pTH (Ser40), rabbit polyclonal antibody; GeneTex, Irvine, CA; no. GTX16557] for 18 h. Also, sections were incubated in DAB for 7 min. This pTH antibody has been successfully used on songbird brain (39) . The distribution of TH in the songbird brain has been well described (40) , and here pTH-ir was observed only in brain areas known to express TH (Table 1) .
pCREB immunocytochemistry
Sections were processed as above except that they were incubated in pCREB primary antibody [1:300, pCREB (Ser133), rabbit monoclonal antibody; Cell Signaling Technology; no. 9198) for 24 h. Also, sections were incubated in secondary antibody for 18 h and DAB for 16 min. This pCREB antibody has been successfully used on avian brain (41) , and zebra finch CREB mRNA is highly similar to mammalian CREB mRNA (42) . This 
Relative levels are based on data from all subjects: A, absent; ϩ, low) ϩϩ, medium; ϩϩϩ, high; ϩϩϩϩ, very high.
antibody might also detect phosphorylated ATF-1, a CREB-related protein (as per manufacturer). Omission of the pCREB primary antibody resulted in an absence of labeling (Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org).
Quantification of immunoreactivity
pERK-, pTH-, and pCREB-ir were quantified within the social behavior network regions medial bed nucleus of the stria terminalis (BSTm), mesencephalic central gray (GCt), lateral septum (LS), medial preoptic nucleus (POM), rostral preoptic area (rPOA), nucleus taeniae of the amygdala (TnA), ventromedial hypothalamus (VMH), and ventral tegmental area (VTA); the song control system regions area X, HVC (abbreviation used as a proper name), and robust nucleus of the arcopallium (RA); and also the nucleus accumbens (NAcc), caudomedial nidopallium (NCM), and Hp. Social behavior and song control regions were located based on previous studies (43) (44) (45) (46) and clearly visible landmarks that delineate the location of each nucleus. NAcc was defined as the region at the rostral ventromedial tip of the medial striatum (47, 48) . Immunoreactivity in central-medial NCM was quantified in sections just rostral to HVC, and immunoreactivity in dorsal-lateral Hp was quantified at the level of the anterior commissure.
Quantification was performed using NIS-Elements Basic Research software (Nikon Canada, Inc., Richmond, BC, Canada) by a researcher blind to the season and treatment of each subject. A Nikon Digital Sight DS-U1 camera connected to a Nikon Eclipse 90i microscope was used to acquire images with the ϫ20 objective. For each brain region where immunoreactivity was observed (Table 1) , images were acquired bilaterally from three serial sections. If necessary, images were taken from a fourth section. If tissue damage was extensive, that subject was dropped from the analysis. Images were captured at 1/15 sec with the gain set to 2.4 and the image resolution set to the maximum possible value (2560 ϫ 1920).
First, the mean background gray level of each acquired image was calculated from six background gray level measures taken from random locations within the boundaries of each brain area where immunoreactivity was not present (Ͼ25,000 total background measures). For pTH-ir in VTA, where immunoreactivity within the boundary of VTA was too dense, six background measures were taken just outside VTA. Second, a quantification threshold was calculated for each acquired image based on its mean background gray level. For pERK and pTH (cytoplasmic labels), the threshold was set such that only immunoreactivity that was over 1.5 times background was counted. For pCREB (nuclear label), the threshold was set such that only immunoreactivity that was over two times background was counted. A more liberal threshold for pERK and pTH was necessary to detect the more diffuse cytoplasmic label. Quantification of immunoreactivity was restricted to regions of interest (ROI) superimposed onto the acquired image in NIS-Elements. As before (43) (44) (45) (46) , ROI were always placed well within the boundaries of each brain area (see Supplemental Table 1 for ROI shape/dimensions). Thresholds were applied to each image, and the total pixel area (for pERK and pTH) or number of cells (for pCREB) within the ROI was counted using the object count function in NISElements. For each subject, the mean pixel area or mean number of cells within each brain region was calculated from all acquired images and used for statistical analysis.
Statistics
Data were analyzed using Statistica software (version 9.1; StatSoft, Tulsa, OK). Data were log transformed before analysis when appropriate. Two-way ANOVA were used to test for main effects season and E 2 and a season ϫ E 2 interaction effect on immunoreactivity and behavior. Fisher's least significant difference (LSD) post hoc tests were used when significant interactions were observed. All figures represent the mean and SEM for each treatment group. P values Յ 0.05 were considered significant.
Results
E 2 RIA
At 15 min after injection, plasma E 2 was undetectable in CON subjects and 8.3 Ϯ 0.9 ng/ml in E 2 -treated subjects. Plasma E 2 levels in E 2 -treated subjects were not significantly different between the breeding and nonbreeding season (t 15 ϭ 0.35; P ϭ 0.73).
Behavior
There were no significant effects of season, E 2 , or season ϫ E 2 on perch hops, feeding/drinking, or preening. No subjects sang after treatment (Supplemental Table 2 ).
pERK immunoreactivity
pERK-ir was present in five of the 14 brain regions examined (Table 1 ; see Fig. 1 for representative immunocytochemical staining). In TnA, there was a significant main effect of E 2 on pERK-ir (CON Ͼ E 2 ; Table 2 , Fig. 2A , and Supplemental Fig. 2, A and B) . In NCM and Hp, there was a significant season ϫ E 2 interaction effect on pERK-ir (Table 2 ). In NCM (Fig. 2B ), E 2 significantly decreased pERK-ir in the breeding season only (Fisher's LSD, P ϭ 0.04). In addition, pERK-ir in NCM of E 2 -treated subjects was significantly lower in the breeding season than the nonbreeding season (Fisher's LSD, P ϭ 0.048). In Hp (Fig.  2C ), E 2 significantly decreased pERK-ir in the breeding season (Fisher's LSD, P ϭ 0.02) but significantly increased pERK-ir in the nonbreeding season (Fisher's LSD, P ϭ 0.01). Also, pERK-ir in Hp of controls was significantly higher in the breeding season than the nonbreeding season (Fisher's LSD, P ϭ 0.007). In contrast, pERK-ir in Hp of E 2 -treated subjects was significantly lower in the breeding season compared with the nonbreeding season (Fisher's LSD, P ϭ 0.04).
pERK-ir was also present in HVC and NAcc. No significant effects of season, E 2 , or season ϫ E 2 on pERK-ir in these areas were observed (Supplemental Table 3 ).
pTH immunoreactivity
pTH-ir was present in four of the 14 brain regions examined (Table 1 ; see Fig. 3 for representative immunocy-tochemical staining). In LS, there was a significant main effect of season on pTH-ir (breeding Ͼ nonbreeding; Table 2 and Fig. 4A ). In VMH, there was a significant main effect of E 2 on pTH-ir (CON Ͼ E 2 ; Table 2 , Fig. 4B , and Supplemental Fig. 2, C and D) . Bold represents statistical significance (P Ͻ 0.05).
FIG. 1.
Representative immunocytochemical staining for pERK in the Hp. A, Line drawing of a coronal section of the songbird brain illustrating the location at which photomicrographs were acquired. CoA, Anterior commissure; CO, optic chiasm; N, nidopallium; Rt, nucleus rotundus. B-D, Photomicrographs of pERK-ir in Hp taken with the ϫ4, ϫ10, and ϫ20 objectives. Scale bars, 100 m.
pTH-ir was also present in GCt and VTA. No significant effects of season, E 2 , or season ϫ E 2 on pTH-ir in these areas were observed (Supplemental Table 3 ).
pCREB immunoreactivity
pCREB-ir was present in 13 of the 14 brain regions examined (Table 1 ; see Fig. 5 for representative immunocytochemical staining), apparently in both neurons and glia (as previously reported) (49) . In rPOA and Hp, a significant main effect of season on pCREB-ir was observed (breeding Ͻ nonbreeding; Table 2 and Fig. 6, A and B) . In GCt and RA, a significant main effect of E 2 on pCREB-ir was observed (CON Ͼ E 2 ; Table 2 , Fig. 6 , C and D, and Supplemental Fig. 2, E and F) . In NCM, there were significant main effects of season and of E 2 on pCREB-ir (Table 2) . Specifically, pCREB-ir in NCM was significantly lower in the breeding season compared with the nonbreeding season, and E 2 decreased pCREB-ir in NCM in both seasons (Fig. 6E) . In POM, there was a significant season ϫ E 2 interaction on pCREB-ir ( Table 2 ). E 2 significantly decreased pCREB-ir in POM in the nonbreeding season only (Fisher's LSD, P ϭ 0.006), and pCREB-ir in POM of controls was significantly lower in the breeding season compared with the nonbreeding season (Fisher's LSD, P ϭ 0.005) (Fig. 6F) .
pCREB-ir was also present in BSTm, HVC, LS, NAcc, TnA, VMH, and VTA. No significant effects of season, E 2 , or season ϫ E 2 on pCREB-ir in these areas were observed (Supplemental Table 3 ).
Discussion
Here, we show that there are rapid and widespread effects of E 2 on intracellular signaling cascades in the male songbird brain in both the breeding and nonbreeding seasons. E 2 treatment significantly altered the phosphorylation of ERK, TH, and CREB in telencephalic, diencephalic, and mesencephalic brain areas. Genomic ER signaling can activate some of the signaling molecules studied here (e.g. CREB) (50) . However, because our effects were observed within only 15 min, it is most likely that they were mediated by nongenomic mechanisms (9) . Remarkably, some of the rapid effects of E 2 on pERK and pCREB were modulated by season. To our knowledge, this is the first study to 1) compare the effects of E 2 on intracellular signaling pathways in different seasons, 2) report rapid (Ͻ30 min) in vivo effects of E 2 on intracellular signaling in multiple areas of the male brain, and 3) detect rapid effects of E 2 on pERK, pTH, or pCREB in songbirds, an important animal model in neuroendocrinology.
Physiological relevance of E 2 dose
The dose of E 2 used in this study (500 g/kg) was selected because it (but not lower doses) rapidly modulates behavior and neurotransmitter levels in birds (34) . Here, we report that plasma E 2 levels at the time of euthanasia were approximately 8.3 ng/ml, which exceeds circulating levels of E 2 observed in free-living songbirds (51, 52) . However, our previous research indicates that E 2 levels can be up to two orders of magnitude higher in brain punches than plasma in songbirds (35, 37, 53) . Furthermore, concentrations of E 2 at aromatase-positive synapses might be even higher than concentrations in brain punches (54) . Lastly, in several in vitro studies, the doses of E 2 that elicit rapid, nongenomic effects (high nanomolar to low micromolar range) are also higher than circulating E 2 levels (55) (56) (57) . Future studies will quantify the brain levels of E 2 achieved by this dose as well as the effects of site-specific administration of E 2 to the brain.
Season-independent effects of E 2 on intracellular signaling
Here, the majority of E 2 effects were observed in both seasons. Specifically, E 2 decreased pERK in TnA, pTH in VMH, and pCREB in GCt, RA, and NCM in both breeding and nonbreeding seasons. Social interactions in song- (58), and RA and NCM are involved in song production and discrimination, respectively (59, 60) . TnA, VMH, and GCt are components of the social behavior network (27, 28), brain areas implicated in many forms of vertebrate social behavior, including vocal communication and aggression (27, 28) , and GCt projects directly to RA (61) . Song sparrows sing and aggressively defend territories in the breeding and nonbreeding seasons (17, 62, 63) , and these social behaviors are modulated by E 2 (14) . Thus, the present findings reveal two interconnected neural circuits where E 2 can rapidly modulate intracellular signaling to regulate social behavior throughout the year. The predominance of season-independent effects of E 2 on intracellular signaling was somewhat unexpected because some studies suggest that rapid effects of E 2 on behavior are more prominent in the nonbreeding season. For example, in song sparrows, acute inhibition of aromatase activity decreases aggression during the nonbreeding season but not the breeding season (14) . Also, in mice, E 2 rapidly increases aggressive behavior in short but not long photoperiods (10, 11) . Moreover, an agonistic encounter increases pERK-ir in brain areas regulating aggression in short-day, but not long-day, mice (64) . Based on these studies, one might expect that the rapid effects of E 2 on pERK, pTH, and pCREB would be more prominent in the nonbreeding season. Future studies will examine the rapid effects of E 2 on aggressive behavior in breeding and nonbreeding song sparrows to provide insight into the functional significance of the present data.
Seasonal plasticity in the rapid effects of E 2 on pERK and pCREB
In some cases, we observed profound seasonal plasticity in the rapid effects of E 2 . For example, E 2 decreased pERK in NCM in the breeding season only. In contrast, E 2 decreased pCREB in POM in the nonbreeding season only. Most remarkably, E 2 decreased pERK in Hp in the breeding season but increased pERK in Hp in the nonbreeding season. Together, these data indicate that some of the rapid effects of E 2 on intracellular signaling are season specific.
FIG. 3.
Representative immunocytochemical staining for pTH in the GCt. A, Line drawing of a coronal section of the songbird brain illustrating the location at which photomicrographs were acquired. A, Arcopallium; Cb, cerebellum; NC, caudal nidopallium; NIII, third cranial nerve. B-D, Photomicrographs of pTH-ir in GCt taken with the ϫ4, ϫ10, and ϫ20 objectives. Scale bars, 100 m.
FIG. 4.
Bar graphs (mean Ϯ SEM) representing the effects of season and E 2 on pTH-ir in LS (A) and VMH (B) 15 min after E 2 or CON injection. *, P Յ 0.05. E 2 decreased pERK in NCM in the breeding season only. Recent studies in breeding male zebra finches show that local E 2 levels in NCM are elevated after hearing conspecific male song (65) . Rapid E 2 signaling within NCM facilitates auditory discrimination of behaviorally relevant auditory stimuli by inhibiting GABAergic neurotransmission (66 -69) . In breeding male song sparrows, territory owners show reduced aggression in response to playback of neighbor song compared with stranger song (70) . This dear-enemy effect (71) requires strong auditory discrimination abilities and individual neighbor recognition (70, 72) . Thus, the present findings for pERK in NCM suggest that the rapid effects of E 2 on auditory discrimination may be more pronounced in the breeding season, when basal singing rate is elevated and territory owners are frequently assessing territorial challenges (73) . In contrast to pERK, there was a rapid effect of E 2 on pCREB in NCM in both seasons. As mentioned previously, CREB is phosphorylated by pERK (23), but other signaling path- ways can also lead to the phosphorylation of CREB (74) . This may explain the different patterns for pERK and pCREB in NCM. Alternatively, there may be seasonal differences in the temporal dynamics of ERK and CREB phosphorylation in NCM (e.g. 75). In any case, the present data are consistent with emerging evidence that E 2 rapidly modulates NCM in songbirds. E 2 decreased pCREB in POM in the nonbreeding season only. The POM is well known for its role in regulating sexual behavior (e.g. 76). However, the POM also regulates other social behaviors including aggression and song production (77-79). As mentioned above, male song sparrows aggressively defend territories throughout the year (80) . Interestingly, aggressive behavior during a simulated territorial intrusion is similar in the breeding and nonbreeding seasons, but aggressive behavior after an intrusion is different (80) . After a simulated intrusion ends, breeding males continue to show high levels of territorial behavior for hours, whereas nonbreeding males stop behaving aggressively within minutes (62) . Thus, once the behavior is elicited, aggression in the breeding season is persistent, whereas aggression in the nonbreeding season is transient. Several lines of evidence indicate that nonbreeding aggression is regulated by E 2 that is synthesized locally in the brain (14, 32, 81) , and it has been hypothesized that local steroid signals are more likely to act via nongenomic mechanisms than systemic steroid signals (55, 83) . Together, these data raise the hypothesis that the POM is a site where E 2 acts via nongenomic mechanisms to stimulate transient increases in aggression during the nonbreeding season.
The most compelling evidence for seasonal differences in the rapid effects of E 2 comes from the Hp. E 2 decreased pERK in Hp in the breeding season but increased pERK in Hp in the nonbreeding season. E 2 also has rapid, bidirectional effects on intracellular signaling in cultured hippocampal neurons. Specifically, E 2 increases ERK-dependent CREB phosphorylation in unstimulated neurons but attenuates L-type calcium channel-mediated CREB phosphorylation in depolarized neurons (24) . These bidirectional effects of E 2 on pCREB in hippocampal cell culture are attributed to differential activation of metabotropic glutamate receptors by membrane-associated ER (85) . Seasonal plasticity in L-type calcium channels and/or the association of ER with metabotropic glutamate receptors in the avian Hp should be explored in future research.
Inhibitory effect of E 2 on ERK, TH, and CREB phosphorylation
Here, E 2 treatment decreased pERK-, pTH-, and pCREB-ir in all cases but one. This inhibitory effect was unexpected because most in vivo studies report that E 2 stimulates ERK and CREB phosphorylation within 15-20 min (e.g. 18, 20, 25, 75, 86) . However, a few studies have reported an inhibitory effect of E 2 on pERK and pCREB. ER␣ agonists rapidly lower levels of pERK in neocortical explants and postnuclear supernatants (87, 88) . Also, oscillating patterns of ERK phosphorylation after E 2 administration have been reported (20, 89) and, as mentioned previously, E 2 has bidirectional effects on CREB phosphorylation in hippocampal as well as striatal cell cultures (24, 25) . To our knowledge, this is the first study to report a rapid inhibitory effect of E 2 on pERK, pTH, or pCREB in vivo.
Importantly, of the studies that show a rapid stimulatory effect of E 2 on intracellular signaling, most use only female subjects. The few studies that include males report either pronounced sex differences in the rapid effects of E 2 (female Ͼ male) (5) or no rapid effects in males (24, 25, 90) . The one study that reports a rapid, stimulatory effect of E 2 on ERK phosphorylation in males focused on the Hp (20) , and this parallels the case where we found a stimulatory effect of E 2 on pERK. Taken together, the present data suggest that E 2 can rapidly stimulate or inhibit intracellular signaling cascades in the brain, depending on multiple factors such as neuronal activation state, season, sex, and region.
Moreover, nearly all the studies that have examined the rapid effects of E 2 on the brain use rodents housed on an invariant and intermediate photoperiod (12 h light, 12 h dark) (but see Ref. 75) . In contrast, the present subjects experienced two extremely different environmental contexts that included natural changes in photoperiod and temperature. Thus, the present data also highlight the importance and utility of using more naturalistic conditions to examine the remarkable plasticity in how E 2 affects the brain under different contexts.
Main effects of season on intracellular signaling
pTH-ir in LS and pCREB-ir in rPOA, Hp, and NCM differed significantly across seasons. In male song sparrows, circulating levels of testosterone are elevated in the breeding season and undetectable in the nonbreeding season (80) . This seasonal difference in plasma androgen levels may have been accentuated by the FAD pretreatment used here, which significantly elevates circulating testosterone in the breeding season only (14, 32) . Thus, although the functional significance of these main effects of season remains unclear, they might be associated with seasonal differences in androgens and/or androgen-dependent behavior. No subjects were tested without FAD pretreatment, but this would be an interesting avenue for future research.
Possible mechanisms of E 2 action
Rodent studies indicate that classical ER (ER␣ and ER␤) mediate at least some of the rapid effects of E 2 on ERK and CREB phosphorylation (18, 86, (91) (92) (93) . Note that ER␣ and ER␤ are in the cytosol but can also be trafficked to the plasma membrane in the rodent brain (94) . The distributions of ER␣ and ER␤ in the songbird brain have been well characterized (59, (95) (96) (97) and include all of the regions where rapid effects of E 2 were observed in this study, except RA. In addition to ER␣ and ER␤, nonclassical ER have also been implicated in the nongenomic effects of E 2 . ER-X (a putative plasma-membrane-associated ER) and G protein-coupled receptor 30 (GPR30) rapidly activate the MAPK signaling pathway (98, 99) . The distributions of ER-X and GPR30 in the songbird brain are unknown, but GPR30 is present in hypothalamus and Hp of rats (100) . The identity and subcellular location of the ER mediating the E 2 effects observed in this study remain unclear and warrant future research.
Conclusions
These results show that in the male brain, E 2 has rapid effects on the MAPK pathway, including ERK and two of its downstream targets, TH and CREB. Given our numerous effects in social behavior brain areas, these data raise the possibility that E 2 rapidly modulates social behavior in male song sparrows, an exciting hypothesis that will be tested in future experiments. pCREB regulates the expression of activity-dependent immediate-early genes such as zenk, c-fos, and arc (38, 82, 101) , and TH phosphorylation is the rate-limiting step in catecholamines synthesis (84) . Thus, these data identify brain regions where E 2 might rapidly modulate neuronal activity and/or neurotransmitter synthesis, which may ultimately modulate behavior. The effects of E 2 on intracellular signaling we report are primarily inhibitory and occur in both the breeding and nonbreeding seasons. The functional consequences of these effects must be explored in future research. Nonetheless, several of the rapid effects of E 2 on ERK and CREB phosphorylation were dependent upon season, and in one case, E 2 has opposite effects in the two seasons. Whether this seasonal plasticity is associated with seasonal differences in some aspect of behavior will be the focus of future studies.
